Abstract The study was aimed examine the effect of microwave preheated pyrolysis on the characteristics of volatile metal compounds. In order to monitor the behavior of volatile metals, samples were preheated with microwave oven in varying energy ranges and process durations. In order to determine optimum conditions, 360-, 600-and 900-W microwave power and 3-, 5-and 10-min microwave irradiation were used. Chemical analyses of samples were carried out both before and after experiments by X-ray fluorescence. Pyrolysis experiments were performed in a laboratory-scale fixed-bed updraft stainless steel reactor in the presence of 1 L min -1 N 2 gas. Content of synthetic gas product obtained via pyrolysis was analyzed by a continuous gas analyzer. Microwave preheated pyrolysis resulted an increase in the weight percentage of calcium oxide, iron(III) oxide, and chromium(III) oxide in galvanic sludge. Similar changes were determined for most of the samples at 600 W and 5 min of microwave preheated pyrolysis. In this point, the weight percentage of calcium oxide, iron(III) oxide, and chromium(III) oxide were measured as 22.47, 16.93, and 5.63 wt% which were 19.86, 10.89, and 3.03 wt% after single pyrolysis. It is concluded that, future analysis are needed to increase the efficiency of stabilization by microwave preheated pyrolysis.
Introduction
With the aim of preventing the sludge caused by wastewater treatment systems and the probable damage of these systems to human and environment, various management mechanisms have been practiced (Collivignarelli et al. 2015; Garrido-Baserba et al. 2015; Ibanez et al. 2015; Moon et al. 2015; Pavlik et al. 2015; Semiyaga et al. 2015; Yang et al. 2015) . Being practiced in spite of the negative aspects of the management of wastewater sludge, storage is giving its place to the methods of waste stabilization and safe recycling/recovery with respect to the European Union regulations (Cieslik et al. 2015) . In case of the management of wastewater treatment sludge via thermal processes, appearance of volatile metal forms is an important problem that poses a risk by causing air pollution.
In pyrolysis, inert environment or in the atmosphere, biomass/waste means the thermal degradation of material. During the pyrolysis of biomass/waste, several different and quite complex reactions take place as being serial and parallel. These complex reactions can be mentioned as the raffination or elimination of fuel into by-products (Iwasaki 2003) . The products acquired from the pyrolysis process are divided into two as being primary products and byproducts. The acquired products contain high quality and highly valued fuel and chemical compounds. Primary products might be solid-rich in carbon-liquid or gaseous. Primary products can be used directly as well as they can be used by being transformed into by-products through chemical treatments. By-products are high-quality fuel and valuable chemical compounds (Efika et al. 2015; Chen et al. 2015) .
In literature, there is no study related to the control of the volatile metal content of real treatment sludge, resulted from galvanic technical systems, with microwave preheated pyrolysis approach. However, microwave-assisted pyrolysis studies are applied to many different waste types (Mushtaq et al. 2014) . It is suggested that the electromagnetic microwaves can energize, mitigate, and assist the chemical binding of dipolar molecules and metal ions within a solid structure (Hui et al. 2008) . In a study that analyzes the fast microwave-assisted pyrolysis of domestic sewage sludge, it is reported that the maximum biofuel production is achieved at 550°C when thermal crack occurs as an endothermic reaction, and the remained solid material can be used as fertilizer (Xie et al. 2014) . There are some studies related to acquisition of utility models from the organic content of waste (Yu et al. 2014; Deng et al. 2014; Dai et al. 2013; Wub et al. 2015) . However, the studies on the management of metals/heavy metals in the waste are limited. In a study conducted with worn out tires, the content of the char acquired from microwave-assisted pyrolysis is analyzed. It is found out that there are amorphous carbon and inorganic carbon types in the acquired char, which stem from the production of tire. Characteristics of carbon obtained from microwave-assisted pyrolysis are intermediate between anthracite and bitumen (Undri et al. 2013) .
As a different waste type, the management of automotive shredder residue or commonly called ''car fluff'' wastes is generally quite troublesome and complicated because of the various materials they include. Some researchers have used microwave-assisted pyrolysis and gasification processes with the aim of management of these wastes. In their study, Donaj et al. (2010) have applied a two-stage system by using microwave pyrolysis and gasification processes together. Transformation of pyrolysis products has been observed through the use of steam at 950°C in the gasification stage. In the specified operating instructions, it has been observed that the rate of transformation is 99 % for liquid form, and 45-55 % for the solid forms. In another study presented in 2011, the same researcher group conducted a similar study by using two different gasification agents on different temperatures (950, 850, and 760°C) . It was observed that with the increase in heat, char transformation rate decreased for both agents. In addition, it was reported that this bizarre char action might be resulted from the ash, especially alkali metal contents. While the negative effects of the fuel characteristic on product transformation process were discussed, it was indicated that through limiting the interaction of the oxidation agent with carbon, fuel could prevent especially the char activity of metal forms (Donaj et al. 2011) .
Microwave (Mw) pyrolysis is also used to immobilize the metal ions on solid surfaces. By this means, heavy metals are immobilized on an active surface, and their transition into an aquatic environment is limited. In a study conducted with this aim, the effects of microwave power, irradiation time, and water content of activated carbon on process were analyzed. The behaviors of ionic forms were monitored through toxicity characteristic leaching procedure (TCLP) experiment. In the samples of dry activated carbon, which were subjected to microwave with 750 W and for 10 min, immobilization was observed. In the study, it was reported that the mentioned system could be applied to different metal ions such as Cu 2? , Zn 2? , and Pb 2? (Liu et al. 2013) . In another study, the stabilization of copper ions within the heavy metal content sludge was studied. It was indicated that microwave heating caused molar change on a negligible level; aluminum reinforcement positively affects the conclusion in the stabilization; and with the increase in microwave power and operation time, stabilization also increased. It was reported that before reaching an elevated temperature, the moisture removed, and therefore, the reaction of copper and aluminum was a solid-phase reaction. It was also presented that in an inert atmosphere where exothermic reaction of organic material was prevented, reactions occurred in a more productive way ). Chen et al. (2005) studied on a development of a microwave process to stabilize copper ions in the sludge to replace the use of traditional solidification. With this aim, sludge, both sludge and metal of which were extracted, was used. In the study where microwave radiation time and additional reagents were analyzed with the aim of management of this sludge, which is considered as hazardous waste, it was stated that contrary to the previous study, microwave radiation caused mass loss. It was determined that depending upon the structure of the sludge, efficiency of stabilization differed, and, in some cases, acid-extracted sludge showed higher stabilization. It was reported that Na 2 CO 3 and Na 2 SiO 3 , as being separators, had no positive effect on the process; however, in iron-added systems, the leaching concentration of copper ions fell greatly from 179.4 to 6.5 mg L -1 . Because of the mentioned complications, it was indicated that the behavior mechanisms of copper ions under microwave could not be explained, and it would be continued to be searched in the next studies. In a different study where the stabilization of sludge was tested by using sodium sulfide and sodium sulfate, researchers reported that the used additional materials had positive effects on stabilization with microwave ). It was also stated in various other studies that sulfide and phosphate anions constitute low solubility stable forms by reacting with heavy metals (Nzihou and Sharrock 2002) . It was also indicated that increase in the temperature causes an increase in the efficiency of stabilization, and when compared to the conventional heating methods, heating with microwave is a quite effective method. In the system where sodium sulfate was used, on the top filtrate, the copper amount fell from 90.2 to 8.09 mg L -1 , while this amount decreased to 16.3 mg L -1 in the system where sodium phosphate was used. In the light of these results, it was reported that through the use of microwave and additional materials, the efficiency of stabilization could be increased ).
In the study, the efficiency of stabilization of metallic forms, which emerged as a result of pyrolysis process applied together with microwave and caused sludge to turn into a hazardous waste, was analyzed. While, in the literature, there are only limited studies conducted with specific metals, in this study different forms existing in the same environment, such as CaO, Fe 2 O 3 , ZnO, NiO, CuO, Cr 2 O 3 , MnO, and SnO 2 , were monitored.
Study area
The experimental approach was implemented in the research laboratories of Environmental Engineering Department at Istanbul University in 2014. The galvanic samples were collected from a galvano-technic processing industry located in Istanbul/Turkey.
Materials and methods
The sludge samples with which stabilization studies were conducted were taken from filter press outlet of the common wastewater treatment facility that belongs to organized galvano-technic industrial zone, which operates in Istanbul/Turkey. Samples were presented with ''G'' code.
Material
Chemical properties of sludge sample are given in tables below. Tables 1 and 2 show chemical properties of raw treatment sludge sample.
Experimental
From the taken treatment sludge, 11 samples-each was 50 g-were prepared, and first they were dehydrated for 24 h at 105°C in a Lenton Eurotherm-branded dryingoven and then reduced to 1-2 mm through sifting. ''G0''-coded raw sample was sent to the laboratory for X-ray fluorescence (XRF) analysis. On the other hand, ''G1''-coded sample was directly applied pyrolysis for 1 h at 600°C, together with 1 L min -1 N 2 gas, without any pretreatment. In the experiments, the duration of pyrolysis was determined as 1 h. Temperature control was provided through fixed-bed updraft stainless steel reactor, which is 7 cm in diameter, and impermeability was provided through pure graphite and graphite-lead spiral gaskets. In the system, while the pyrolysis experiments were being conducted, condensable volatile organics, generated within the synthesis gas, were collected through cooling pipes and weighed. The synthesis gas that transfers without condensation was continually tied to gas analysis device and CO, CO 2 , H 2 , CH 4 , and O 2 amounts were weighed in volumetric percentage.
In the study, a five-staged microwave oven that has maximum 900-W power and 2.45-GHz frequency was used for the preheat process. Performed in different operation periods as being 3, 5, and 10 min, and in different power frequencies as being 360, 600, and 900 W, the optimum conditions were determined, and internal temperatures of the samples were measured and recorded. In total, 900 W was adjusted as the maximum power to be able to assess the effect of high microwave power during 10 min on metal stabilization. In the literature, in the studies carried out for sludge stabilization, it has been reported that 600-W power and 5-min radiation period have been frequently used Chen et al. 2005 ). In Table 3 , the conditions of microwave pre-treatment are given, and in Fig. 1 , the schematic display of pyrolysis mechanism is given.
Analytical methods
Solid material analyses were made in Istanbul University Advanced Analysis Laboratories, via PANalytical Axiosbranded XRF device of the institution. In addition, moisture, ash, dry matter, combustion loss, and carbon analyses were made in accordance with Standard Methods, 21th Edition. It was decided that CaO metal oxide should be mapped as elemental since it was highly found in the sludge sample. The mapping was performed via FEI Quanta 450 model scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM-EDS) device, which belongs to Istanbul University, Department of Chemical Engineering, Process and Reactor Designing Department.
Although the aim and topic of the conducted study is not about gas output, measurement of synthetic gas was made and the content of gas was analyzed via ABB-branded AO2020 model online gas analyzer; and CO, CO 2 , H 2 , CH 4 , O 2 amounts were weighed in volumetric percentage.
Results and discussion Experimental
Measurements of the acquired material obtained from the raw galvanic sludge, which was applied to pyrolysis process without pre-treatment, are given in Table 4 , and the XRF analysis results of the solid form are given in Table 5 .
The change in the amount of solid material acquired as a result of microwave pre-treatment (Mw) applied to galvanic sludge samples in accordance with the specified conditions, and the molar transformation after pyrolysis with microwave pre-treatment (MwP) is given in Table 6 .
When the solid material amount, occurred as a result of processes applied to galvanic sludge samples, was analyzed, depending on the duration and power of the microwave pre-treatment, with the increasing power in terms of mass, a decrease based upon moisture loss was observed. As a result of the pyrolysis process, it was observed that the formation of liquid and gas forms was limited because of the sample characteristic. In Table 7 , the XRF analysis results of the sample samples are given. In Fig. 2 , graphics were illustrated for the three forms that were identified as a result of the pyrolysis process and the pre-treatments, applied under variable duration and microwave power.
As a result of the gas analysis measured in the pyrolysis experiments, it was identified that since carbon content of the sample was very low, among the gas forms, only carbon dioxide arose; it was stated that this gas reached to the maximum level in the first 10-20 min of the experiment, and in time it decreased. It was also stated that the calorific value of the acquired syngas was low, as it had been expected.
Scanning electron microscopy (SEM) results
Galvanic sludge sample was scanned with scanning electron microscope through 9 5000 zoom. Several types of residue observed on the stub. Scanning was used for all metals; however, only for calcium, the quality scans could be obtained. Calcium is the most densely found metal in the raw sludge. Figure 3 shows SEM display of raw treatment sludge and Ca element mapping.
95000 zoomed SEM analysis displays of ''G1'' sample, which was applied pyrolysis without microwave pretreatment, are presented in Fig. 4 .
As it can be seen, Ca element is densely found in solid residue after pyrolysis. After the experiments, under relatively more fertile conditions (600 W, 5 min), MwP process was applied to ''G6''-coded study, and 95000 zoomed SEM analysis results of the solid product acquired from this process are given in Fig. 5 .
It is observed in Fig. 5 that Ca element was absorbed in the porous structure of the stub after microwave application.
Conclusion
Treatment sludge is the sludge resulting from the treatment of wastewater that emerged as a result of the galvanization process, and its metal content is dense. To eliminate hazardous galvanic sludge, the necessary precautions with regard to the specified regulations should be taken, and by this way, the appropriate elimination of the sludge should be provided.
When the above given results are analyzed, it is observed that the increase in the microwave power has no significant effect on the solid form stabilization of Ca, Fe, and Cr compounds found in the galvanic sludge. Only with the increase in the microwave power, a small rise is seen in the stabilization percentage. When the conventional pyrolysis process and microwave-supported trials are compared, it is clearly determined that within the solid form for Ca, Fe, and Cr compounds in the galvanic sludge, stabilization is provided. It is thought that this situation occurs depending on the high-energy radiation and sintering, applied onto the material with microwave. It is also determined that the increasing duration of microwave radiation has no significant effects on metal stabilization. Although some increases and decreases are identified for some metals, it is observed that these differences are low in terms of molar percentage. For Cr 2 O 3 , in a 600-W microwave application for 3-, 5-, and 10-min durations, the molar percentages hold in the solid form is respectively weighed as 5.63, 5.83, and 5.92 wt%.
Although the results show a little increase, this percentage increase is quite limited. It is observed that as microwave power and the pretreatment duration in microwave increase, formation of the liquid product resulted from the pyrolysis decreases, although this decrease is limited.
When the conducted SEM analyses are examined, it is observed that wastewater treatment sludge has an amorphous structure. With the aim of exemplifying the monitoring of the behaviors of metal compounds, Ca metal, the most densely found element within the sludge in SEM analysis, is mapped. The Ca amount found in raw sample decreases when pyrolysis is directly practiced, and increases after the application of the pyrolysis with microwave pre-treatment, and it is also determined that metal does not accumulate on flat surfaces but on surfaces where porosity shows increase.
In accordance with the aim of the study, stabilization of the volatile metal compounds in treatment sludge with microwave preheating, and the controllability of possible emission sources were analyzed. The acquired data show that a certain amount of stabilization is provided. This situation is interpreted as such that with microwave energy, glazing occurs on metal compounds, and so they are blocked through preventing the creation of volatile forms of metals.
In conclusion, it is observed that as a result of using microwave energy as a pre-treatment before pyrolysis applications, some volatile metal compounds within the wastewater treatment sludge can be restrained within solid remains. However, it will be understood in further studies whether there is an efficient application on different metals or not and whether the efficiency of stabilization can be increased or not.
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